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ABSTRACT: A convergent route for the enantioselective synthesis of trichothecenes is described. A key step 
in the synthetic sequence is an Ireland-Claisen rearrangement that occurs with total facial selectivity and high 
diastereoselectivity. The relative stereochemistry about the vicinal quatemary centers of the major diasteteomer 
is that of the trichothecene skeleton, but the absolure stereochemistry is opposite to that of the natural products. 

INTRODUCTION 

Trichothecenes, a class of sesquiterpenes of fungal origin, show diverse biological activity ranging from 

high toxicity to humans and farm animals to antiviral, insecticidal and antitumor properties.2 The most toxic 

metabolites are T-2 toxin (la) and 3-acetyldeoxynivalenol (lb),3 and feed refusal, decreased performance and 

emesis in farm animals have been attributed to them.4 On the beneficial side, anguidine (lc) and verrucarin A 

(2) have been found to be highly active antitumor agents. 5 For example, lc progressed to Phase II clinical trials 

against advanced breast cancer but was dropped from further testing due to its acute toxicity;6 it is believed that 

anguidine could serve as an antitumor agent if compounds were found that could protect normal tissues against 

its toxicity, however.7 

la R1 = OH, R2- R3 = OAc, R4 = H, R= O&&Ok0 (+)-(3) 
R5 = OC(O)W$HMe2 

lbR’-R4=OH R5=H 
1~ Rl,OH,R2’,R3=OAc,R4=R5=H 

OH 

2 

Continuing interest in the biological activity of trichothecenes therefore provides impetus for the 

development of efficient routes for the preparation of these compounds in enantiomerically pure form. Despite 

the number of papers in which the synthesis of trichothecenes as racemates is described,8 we are aware of only 

two reports involving the formation of these compounds in optically active form.9 In this connection, we 

recently communicated an efficient and highly convergent enantioselective route for the preparation of (+)-15- 

hydroxytrichothec-9,12-diene (3)‘o and the present report provides the details of that effort. 
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RESULTS AND DISCUSSION 
The overall synthetic strategy is portrayed in Scheme 1. The plan was to construct the key bond 

connecting the vicinal quatematy centers via an Ireland-Claisen rearrangement1 1 of the ally1 ester 4. It 
was anticipated that this compound could be prepared from the known allylic alcohol 512,13 and the p- 

methoxycarboxylic acid 6, previously used in the synthesis of optically active trichodiene.loTI4a The sequence 
was to be completed by formation of the B-ring via a Group 3 biomimetic cyclization.15 

Scheme 1 

6 5 4 

Esterifying acid 6 (45% ee)Iu,I4a with racemic 5 according to the method of Turner et ~1.16 afforded 
esters 7 (Scheme 2). Analysis by 1H NMR spectroscopy revealed the product to be an equimolar mixture of the 

Scheme 2 
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Reagents: a. t&Cl. TEA, CH2C12, DMAP, 77%; b. LDA, TMSCI, TEA, THF, -110 OC; c. (I) reflux, (il) dil. HCI, 

(iii) CH+pher; 46% (conklined yield). 
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two possible diastereomers, which were inseparable by chromatographic methods. The crucial Ireland-Claisen 

marrangement was effected on this mixture by adding a precooled solution of the esters in THF to a solution of 

LDA, TMSCl, and triethylamine (TEA) held at -110 Oc, followed by heating under reflux;t lh such conditions 

held formation of 10 via a p-elimination pathway to 4-54s. Following hydrolytic work-up, esterifying the 

reaction mixture yielded two diastereomeric esters in the ratio of 928, as shown by 1H NMR analysis. 

Preferential formation of the Z-ketene silyl acetals 8 is presumed on the expectation of chelation control 

in forming the ester enolate, as precedented in our earlier approaches to trichodiene.14 The silyl acetals 8 are 

presumably formed in an equimolar amount, and their rearrangement could potentially afford eight 

diastereomers, based on the possible combinations of chair and boat conformations and re and si facial attack 

(Scheme 3). However, our observations of the facial selectivity for a closely analogous rearrangement in the 

synthesis of trichodiene14a suggested that the isomerization should occur from the re face of ketene silyl acetal 

8, and such an event reduces the number of possibilities to four, as seen in Scheme 3. Considering the various 

conformations illustrated in this scheme leads to the conclusion that 9a and 9b should correspond to the 

products obtained, with the former diastereomer predominating. 

Scheme 3 

8a 

Me - 

8P 

“arMs Me?jf;DM;a’Ms MeB)&S 
OMe OTMS OMe OTMS 

Chair-like conformation Boat-like conformation Chair-like conformation 
for&x foraa torep 

s 

Boat-like conformation 

OTBDMS 

No rearrangement under 
reaction conditions 

9a 9b 

The rationale for this result is developed as follows. There is a known preference for the chair-like 

conformation in the Ireland-Claisen rearrangement of substrates analogous to ketene silyl acetal 8t4*17. Indeed, 

a substrate idcnticul to 8 with the exception that it lacks the OTBDMS moiety on the cyclopentyl ring favors just 

such a conformation.14a The OTBDMS substituent is not a factor in defining the energy of the chair-lie 

conformation of 8a, but it is expected to destabilize the corresponding conformation of 88. Similarly, this 
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group should significantly destabilize the boat-like conformation of 8a but not that of Sp. Hence the major 
isomer, assigned as 9a, arises from isomerization through a chair-like geometry of the ketene acetal 8ct, 
whereas the minor isomer 9b results from the boat-like rearrangement of the diastereomer 8@ Consistent with 

this analysis is the observed 92:8 ratio of the two products, which corresponds to the chair-boat selectivity 
observed in related systems.14 In summary, it is not surprising that isomerizing an equimolar mixture of 8a 

and 8p would effect a kinetic stereoselection to afford only two diastereomers, with 9a predominating. 

Based on this analysis, 9a should have the same relative stereochemical disposition about the vicinal 
quatemary centers as the trichothecenes. This was confirmed by conversion of 9a into (+)-3 by way of the 
chemical transformations outlined in Scheme 4. The mixture of esters 9 was desilylated with tetra-n- 
butylammonium fluoride (TBAF), and the resulting hydroxyesters were treated with 12/NaHCO3 to afford the 

Scheme 4 

9a _Me~~~e~~e~~~ 
0.0% enhancement 

11 R’ = CO2CH3, R2 = OH 12 
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fG 
I = 

gG 

15 R’ = CH20H, R2 = OTBDMS 

16 R’ = CH20TBDMS, R2 = OTBDMS 

Meq ;,_Me*xRLMe*,,,lMe&,,o 
H TBDM; TBDMd 

(+)-(3) M R = OTBDMS 19 17 R=OH 
21 R=OAc 16 R==O 

Reagents: a. TBAF, THF, 62%; b. 12, NaHC03, CHsCN, 0 OC. 67%; c. Swem ox., 98%; d. NaBH4, CH30H, 99%; 

e. TBDMSOTf, 2,64utiiine, CH2C12, 99%; 1. DIBAL-H, toluene. 83%; g. 2,64utidine, TBDMSOTf. CH2C12, 99%; 

h.(i) Zn, pyridine, 95% E1OH, THF, reflux; (iii Swem oxidation, 70% (two steps); i. (il LDA. THF. -78 OC, PhSeBr; 
(ii) H202, pyridine, CH2C12, 85%; j. (i) DIBAL-H, toluene, 0 OC; (ii) %O, pyridine. anhy. K2C03, 35% of 20 and 

31% of 21 (two steps); k. 20, HF.pyridine (excess), 0 OC to rt, CH,CN, 85%. 

single iodocyclization product 11. The fate of the minor isomer under the iodocyclization conditions is not 
known because the corresponding iodocyclization product was not isolated. Based on the expected re facial 
selectivity for the rearrangement (vi& sup-u), the configuration of the hydroxy group at C-2 (trichothecene 
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numbering) in 11 is not that required for the final biomimetic cyclization, so the configuration at this center had 

to be inverted. This was accomplished in two steps via an oxidation/reduction sequence. Thus, Swem 

oxidationts of 11 provided the ketoester 12, which was then reduced with NaBI& to give the hydroxyester 

13.19 Proof that net inversion of configuration at C-2 had been effected by this sequence came from difference 

nuclear Overhauser experiments with 11 and 13. Irradiating C(2)-H in 11 caused no enhancement in the 

resonance for the iodomethylene group, whereas corresponding irradiation of C(2)-H of 13 provided a 3.5% 

enhancement in the signal for one of the protons of this methylene group (see Scheme 4). This confiis that the 

hydroxy and the iodomethylene groups are cis in 11 but tram in 13. 

With establishment of the required configuration at C-2, the hydroxyl group in 13 was then converted to 

the TBDMS ether 14. Reducing the ester function of 14 with DIBAL-H, followed by protection of the 

resulting alcohol 15, afforded the bis-OTBDMS product 16. The iodoether 16 was initially subjected to 

reductive cleavage with Zn in aqueous ethanol, but these conditions led to complete desilylation at C-2. 

However, using a solvent system comprised of THF, pyridine and 95% ethanol afforded the desired product 

17. It is likely that Zn2+ formed at the site proximal to the C-2 silyl ether fosters the deprotection; sequestering 

zinc ion with added pyridine*n successfully suppresses this undesired process. Crude 17 was immediately 

oxidized under Swern conditionst8 to afford 18. Applying the method of Reich et (11.21 to 18 produced the 

enone 19, which contains the necessary functionality and carbon skeleton for conversion into a trichothecene. 

To accomplish this, the enone was reduced with DIBAL-H, and the crude reduction product was 

immediately acetylated with the expectation of obtaining a single ally1 acetate 20. Surprisingly, a nearly 

equivalent amount of the diacetate 21 was also formed. Desilylation at C-2 was apparently occurring,** most 

likely during the reduction with DIBAL-H. Unfortunately, the limited supply of enone 19 available at this stage 

of the synthesis precluded optimization of this transformation. Nonetheless, it is reasonable to expect that using 

a more bulky silyl protecting group to protect the C-2 hydroxy group would suppress this undesirable side 

reaction. 

With the ally1 acetate 20 in hand the stage was set for the construction of the B-ring of trichothecene by 

way of a biomimetic cyclization. Thus, treating a solution of 20 in acetonitrile with an excess of HF.pyridine 

afforded 3 in 85% yield. Critical for assigning the trichothecene skeleton to 3 were 1H NMR chemical shifts- 

determined by 2D-NMR methods-and the coupling constants of the protons at C-2 (4.27 ppm, J = 4.9 Hz) and 

C-l 1 (3.68 ppm, J = 5.4 Hz), as well as the t3C NMR chemical shifts. These data correlate precisely with 

those expected for the carbon skeleton of a trichothecene. 24 Deoxytrichothecene 325 is dextrorotatory and 

should be of 45 + 2% ee, based on the known ee of 6 and the expected complete facial selectivity of the [3,3]- 

sigmatropic rearrangement.14 The re facial selectivity of the rearrangement allows the prediction that (+)-3 has 

the absolute configuration of the unnatural antipode as shown. The natural trichothecenes can thus be prepared 

from the enantiomer of 6, which is obtainable in two steps from the P-hydroxyester derived from chemical 

reduction of the known ethyl (4R)-4-methyl-2-oxocyclohexanecarboxylate.26 

In summary, (+)-15-hydroxytrichothec-9,12-diene (3) was prepared in 3% overall yield from the p- 

methoxyacid 6. The synthetic route leading to 3 has considerable further potential derived from further 

functionalization of ketone 12 at C-3 and C-4 (see Scheme 4). which would provide access to more highly 

oxygenated trichothecenes such as calonectrin (Id) and anguidine (1~). Furthermore, we believe that novel 
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analogs of trichothecenes of possible therapeutic value are preparable by this method. Work in our laboratory is 

presently focused on exploring such possibilities. 

EXPERIMENTAL SECTION 
Chromatography of product mixtures was effected by flash column chromatography over silica gel, 

according to the procedure described by Still, et (11.27 Optical rotations were measured on solutions in CHCl3 

using a Perkin-Elmer 141 Polarimeter. Chloroform was passed through a short pad of activated basic alumina 

prior to use. 

All anhydrous reactions were performed under an inert atmosphere of dry N2 or Ar. All reaction 

vessels, syringes and hypodermic needles used in these reactions were dried in an oven at 120 Oc for at least 12 

h and cooled under an atmosphere of N2 or in a desiccator. Solvents were dried by distillation, under an 

atmosphere of N2, using the drying agents sodium benzophenone ketyl for tetrahydrofuran (H-IF), and CaH2 

for dichloromethane (CH$&), methylamine (TEA), diisopropylamine, and dimethylsulfoxide (DMSO); THF 

and CH2Cl2 were used immediately after distillation, whereas the other solvents were stored over 4 8, molecular 

sieves. Skelly-B was stirred over cont. sulfuric acid for at least 24 h, then over sodium carbonate for 24 h, 

after which it was filtered and distilled. All other reagents and solvents were purified, as necessary, according 

to standard procedures.~ Alkyllithiums were titrated by the method of Suffert. *9 Solutions were concentrated 

by rotary evaporation at water aspirator pressures. 

Proton and carbon nuclear magnetic resonance spectra (IH and I3C NMR) were recorded on samples in 

CDC13, using General Electric spectrometers operating at 300 and 75 MHz for 1H and 13C, respectively, unless 

specified otherwise. Chemical shifts (6) are reported in ppm from tetramethylsilane. All title compounds were 

judged to be >95% pure by 1H NMR spectroscopy. Infrared spectra (IR) were recorded on thin films unless 

noted otherwise, using a Beckman Acculab-8 spectrophotometer or on a Nicolet 510P FT-IR instrument. 

{(1R)-l-[(Lert-Butyldimethylsilyl)oxy](3-methyl-Z-cyclopentenyl)-2-methy~} (lR,2S,4S)-2- 
Methoxy-4-methylcyclohexanecarboxylate and {(lS)-1-[(tert-Butyldimethylsilyl)oxy](3- 
methyl-2-cyclopentenyl)-2-methyl} (lR,2S,4S)-2-Methoxy-4-methylcyclohexanecarboxylate 
(7). 

A solution of acid 6 (8.0 mmol) in 15 mL of CH2Cl2 was placed in a dry 25-mL flask, under an Ar 

atmosphere, and cooled to 0 OC. To this was added TEA (12 mmol), and the mixture was stirred for 10 mitt, at 

which time freshly distilled methanesulfonyl chloride (6 mmol) was added dropwise via a syringe. The 

resulting mixture was stirred for 1 h, and then a solution of alcohol 5 (12.0 mmol) and DMAP (1.2 mmol) in 2 

mL of CH2Cl2 was added. This mixture was stirred for 1 h at 0 Oc, brought to room temperature and stirred for 

16 h. The reaction mixture was diluted with 150 mL of Et20 and washed sequentially with 2 x lo-mL portions 

of 10% HCl, and 20 mL each of water, sat. NaHC03 and brine. The ethereal solution was dried (MgS04) 

filtered and concentrated to give a pale yellow oil, which upon chromatographic purification provided 7 (70% 

yield) as an inseparable 1:l mixture of two diastereomers: Rf 0.44 (20% EtOAc/Skelly-B); IR 1735 (s) cm-t; 1H 

NMR 6 (for mixture) 4.85 (m, lH, SiOC-H), 4.78 (m, 2H, ally1 CH2), 4.50 (m, lH, ally1 CH2), 3.35, 3.34 (2 

x s, 3H total, 0-CH3), 3.31 (s, broad, lH, C(2)-H), 2.98 (ddd, J = 4.0 Hz, IH, C(l)-H), 2.45 (m, lH), 2.20 
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(m, 2H), 1.96 (m, lH), 1.75 (s, broad, 3H, vinyl CH3), 1.70-1.35 (m. 6H), 0.95 (m, 4H, includes 2 x d, 

C(4)-CH3), 0.86 (s, 9H, tert-Bu), 0.08 (m, 6H, Si(CH3)z); HRMS (CI) m/z calcd for C22H4104Si (M+H)+ 
397.2761, found 397.2774. 

Methyl (lR,2S,4S)-l-[(1R,3R)-3-(terf-Butyldimethylsilyl)oxy-l-methyl-2-methylenecyclo- 
pentyl]-2-methoxy-4-methylcyclohexanecarhoxylate (9a) and Methyl (lR,ZS,4S)-l-[(lS,3S)- 
3-(tert-Butyldimethylsilyl)oxy-l-methyl-2-methylenecyclopentyl]-2-methoxy-4-methylcyclo- 
hexanecarboxylate (9b). 

A solution of LDA (2.2 mmol) in 4.0 mL of THF was prepared and cooled to - 110 OC under an N2 

atmosphere. To this was added via cannula 3.0 mL of the supernatant centrifugate of a solution of 

TMSCl/TEA/THF (2.0:0.5:3.7, volume ratio) which had been precooled to -78 OC. The resulting mixture was 

stirred for 2 min and then a solution of 7 (1.0 mmol) in 1 mL of THF, precooled to -78 oC, was added 

dropwise via cannula over a period of 1 min. This mixture was maintained at -110 oC for 10 min and then 

gradually allowed to warm to 0 OC. The solution of crude ketene sibyl acetals 8 was allowed to warm to room 

temperature and then heated under reflux for 12 h. The reaction mixture was diluted with 25 mL of Et20 and 

stirred with 5 mL of 5% HCl for 10 min. The biphasic mixture was transferred to a separatory funnel, the 

organic layer was separated, and the aqueous layer was extracted with 2 x lo-mL portions of Et20. The 

combined organic extracts were washed with 10 mL of 5% HCI solution and brine (acidified to pH 2) and dried 

(MgS04). The ethereal solution of the rearranged acids was concentrated to approximately 1 mL, and the 

concentrate was purified by chromatography on silica gel. The column fractions containing the carboxylic acids 

(RfO.37,20% EtOAc/Skelly-B) were combined and concentrated to a volume of about 10 mL. This solution 

was treated with excess ethereal CH2N2 to provide a 92:8 mixture of diastereomers 9 (45% combined yield) as a 

colorless liquid: Rf 0.41 (10% Et20/Skelly-B); tH NMR (9a, 500 MHz) 6 5.03 (d, J = 1.5 Hz, lH, exo- 

methylene), 4.65 (d, J = 2.2 Hz, IH, exo-methylene), 4.33 (m, lH, SiOC-H), 3.92 (broad, lH, C(2)-H), 3.59 

(s, 3H, ester CH3). 3.23 (s, 3H, ether CH$, 2.18-2.05 (m, 2H), 1.92-1.70 (m, 4H), 1.61 (m. lH), 1.44 (m. 

lH), 1.32 (m, 2H), 1.20 (m. IH), 1.14 (s, 3H, quaternary CH3). 1.08 (d, .I = 7.4 Hz, 3H. C(4)-CH3), 0.90 

(s, 9H, tert-Bu), 0.09, 0.06 (2 x s. 6H, Si(CH3)2); tnC NMR (9a) 6 174.34, 160.13, 106.31, 78.78, 58.50, 

55.32, 50.79, 47.79, 32.16, 31.90, 29.44, 29.19, 27.53, 25.95, 25.79, 20.65. 20.03, 18.41, -4.72. 

Methyl (~R,2S,4S)-1-[(1R,3R)-3-Hydroxy-l-methyl-2-methylenecyclopentyl]-2-methoxy-4- 
methylcyclohexanecarboxylate and Methyl (lR,2S,4S)-l-[(lS,3S)-3-Hydroxy-l-methyl-2- 
methylenecyclopentyl]-2-methoxy-4-methylcyclohexanecarboxyiate. 

A solution of 9 (0.17 mmol) in IO mL of THF was treated with TBAF.HzO (0.46 mmol) for 3 h at RT. 

The reaction mixture was then partitioned between 50 mL of Et20 and IO mL of water. The organic layer was 

separated, dried (MgS04) and concentrated to afford a yellow oil. The concentrate was purified by chromato- 

graphy to give the alcohols (82% yield) as a 92:8 mixture of two isomers: RfO.13 (20% EtOAc/Skelly-B); tH 

NMR 6 (for major diastereomer) 5.25 (d, J = 1.4 Hz, lH, exo-methylene), 4.80 (d, J = 2.1 Hz, lH, exo- 

methylene), 4.32 (m, IH), 3.96 (brand s, IH, C(2)-H), 3.29 (s, 3H. ester CH$, 2.91 (s, 3H, ether CHj), 
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2.22-2.14 (m. 2H), 2.05-1.70 (m. 6H), 1.48 (m, lH), 1.39-1.00 (m, 3~), 1.25 (s, 3~, quaternary CH3) 1.16 

(d, J = 7.9 Hz, 3H. C(4)-CH3); HRMS (CI) m/z calcd for Cl7H2904 (M+H)+ 297.2065, found 297.2056. 

(-)-(~~,3R,4R,7S,8R,ll~)-7,ll-Dimethyl-4-hydroxy-3-iodomethy~-8-methoxycarbonyl-2- 

oxatricyclo[6.4.0.03,7]dodecane (11). 

The alcohols (0.12 mmol) were dissolved in 1 mL of CH$!N and cooled to 0 oC under an atmosphere 

of Ar. TO this were sequentially added NaHC03 (0.9 mmol) and 12 (0.23 mmol), and the resulting mixture was 

stirred for 3 h at 0 oc. The reaction was quenched at the same temperature by successive addition of 1 mL each 

of water and sat. NaHC03 followed by solid Na$3203 (0.2 g). The resulting slurry was extracted with 3 x lo- 

mL portions of Et20, and the combined ethereal extracts were washed with 5 mL of water, 2 x 5-mL portions of 

10% aq. NazS203,5 mL each of water and brine and then dried (MgS04). Removal of solvents and column 

chromatography afforded 11 (87% yield) as a colorless viscous oil: RfO.35 (30% EtOAc/Skelly-B); [a] z 

-1.30 (c = 1.0); IR 3500 (m, broad), 1730 (s) cm- l; lH NMR (Cab) 6 4.36 (broad, s, lH, C( 1)-H), 4.10 (m, 

lH, C(4)-H), 3.54 (d, J = 9.9 Hz, lH, CH2-I), 3.23 (s, 3H. ester CH3), 3.17 (d, J = 9.9 Hz, 1H. CH2-I), 

2.02-1.85 (m, 2H), 1.80 (m, 5H), 1.45 (m, lH), 1.33-1.12 (m. 4H), 1.18 (d, J = 7.3 Hz. 3H, C(ll)-CH3). 

1.08 (s, 3H, C(7)-CH3); l3C NMR 6 174.04, 92.13, 81.85, 76.32, 59.14, 55.48, 51.73, 38.03. 32.13, 

31.12, 28.41, 24.75, 22.39, 19.95, 19.51, 11.84; HRMS (CI) m/z calcd for Cl6H26041 (M+H)+ 409.0875, 

found 409.0868. 

(+)-(1S,3S,7S,8R,11S)-7,1l-Dimethyl-3-iodomethyl-8-methoxycarbonyl-4-oxo-2-oxatricy- 

clo[6.4.0.03,7]dodecane (12). 

A dry 25-mL flask, equipped for magnetic stirring, was charged with 4 mL of CH2Cl2 and freshly 

distilled oxalyl chloride (1.7 mmol) and cooled to -78 oC under an N2 atmosphere. A solution of DMSO (3.6 

mmol) in 0.8 mL of CH2Cl2 was added to the reaction flask dropwise via syringe. After this mixture was 

stirred for 2 min, a solution of 11 (1.3 mmol) in 2.5 mL of CH2Cl2 was added dropwise via cannula. The 

resulting cloudy solution was stirred for 15 min at -78 oC, at which time 4.5 mL of TEA was added. The white 

slush-like mixture was stirred for an additional 15 min at the same temperature and then allowed to warm to 

room temperature. The reaction was quenched with 8 mL of 1% HCl, and the mixture was extracted with 3 x 

40-mL portions of Et20. The organic layers were combined and washed successively with 2 x 15-mL portions 

of 1% HCI, 15 mL each of water and sat. NaHC03 and then dried (K2C03). Solvent removal and 

chromatography afforded ketoester 12 (98% yield) as a colorless liquid after chromatography: RfO.31, (30% 

EtOAc/Skelly-B); [a] z +2.2o (c = 1.6); IR 1750, 1725 (s) cm-l; lH NMR S 4.09 (s, broad, IH, C(l)-H), 

3.72 (s, 3H, ester CH3). 3.43 (d, J = 10.7 Hz, lH, CH2-I), 3.15 (d, J = 10.7 Hz, lH, CHz-I). 2.50 (m, 1H). 

2.35 (m, lH), 1.86-1.50 (m. 7H). 1.49 (s, 3H). 1.41 (m, lH), 1.30 (m, lH), 1.08 (d, J = 6.9 Hz. 3H); ljC 

NMR 6 214.90, 173.04, 85.43, 76.35, 59.14, 52.80. 51.83, 36.82, 30.44, 30.38. 28.22. 24.75, 21.62, 

20.12, 18.06, 2.68; HRMS (CI) m/z calcd for CloH2404l (M+H)+ 407.0719. found 407.0711. 
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(-)-(1S,3R,4S,7S,8R,11S)-7,1l-Dimethyl-4-hydroxy-3-iodomethyl-8-methoxycarbonyi-2- 

oxatricyclo[6.4.0.03~7ldodecane (13). 

A solution of 12 (0.69 mmol) in 20 mL of anhydrous MeOH was cooled to -20 OC under an Ar 

atmosphere. To this was added NaBI-I4 (5.5 mmol) in one portion, and the resulting mixture was stirred at the 

same temperature for 2 h. At thii time the reaction was carefully quenched by addition of water (5 mL) and the 

resulting slurry was extracted with 2 x 25-mL portions of Et;?O. The combined organic extracts were dried 

(MgS04), concentrated, and the crude mixture was purified by chromatography to afford 13 (99% yield) as a 

colorless liquid: RfO.30 (30% EtOAc/Skelly-B); [a] z -7.10 (c = 1.5); IR 3500 (m, broad), 1720 (s) cm-t; 

lH NMR 6 4.42 (s, broad, lH, C(l)-H), 4.01 (d, J = 4.3 Hz, lH, C(4)-H), 3.68 (s, 3H, ester CH3), 3.49 (d, 

J = 10.3 HZ, lH, CH2-I), 3.05 (d, J = 10.3 Hz, lH, CH2-I), 2.66 (s, lH, OH), 2.08-1.58 (m, 7H), 1.45 (m, 
lH), 1.40-1.20 (m, 3H), 1.16 (m, 6H, C(7)-CH3, and C(ll)-CH3); 13C NMR 6 173.41, 89.60, 79.83, 

76.82, 57.12, 56.60, 51.62, 35.92, 31.04, 30.62, 28.32, 24.80, 21.73, 19.85, 16.42, 13.80; HRMS (CI) m/z 

caIcd for Ct6H26041 (M+H)+ 409.0875, found 409.0887. 

(-)-(1S,3R,4S,7S,8R,11S)-4-(tert-Butyldimethylsilyl)oxy-7,1l-dimethyl-3-iodomethyl-8- 

methoxycarbonyl-2-oxatricyclo[6.4.O.O3~7ldodecane (14). 

Following the procedure of Corey, et a1.,30 a solution of 13 (0.68 mmol) in 5 mL of CH2Cl2, at 0 OC, 

was treated with TBDMSOTf (0.87 mmol) in the presence of 2,6-lutidine (1.8 mmol). The reaction mixture 

was allowed to warm to RT, stirred at this temperature for 3 h, and then quenched by being poured into a 

mixture of 50 mL of Et20 and 10 mL of water. The layers were separated and the organic layer was washed 

with 10 mL of sat. NaCl and dried (MgS04). Solvent removal followed by chromatography provided 14 (99% 

yield) as a clear colorless liquid: Rf0.63 (30% EtOAc/Skelly-B); [a] z -9.80 (c = 1.5); IR 1720 cm-l; 1H 

NMR 6 4.62 (m, lH, C(l)-H), 4.10 (m, lH, C(4)-H), 3.68 (s, 3H, ester CH3). 3.39 (d, J = 10.3 Hz, lH, 

CH2-I), 3.00 (d, J = 10.3 Hz, HI, CH2-I), 2.00 (m, lH), 1.92-1.35 (m, 8H), 1.32 (m, 2H), 1.15 (m, 6H, 

C(7)-CH3 and C(ll)-CH3). 0.89 (s, 9H, tert-Bu), 0.19 (s, 3H, Si-CH3), 0.10 (s, 3H, Si-CH3); 13C NMR 6 

174.16, 88.57, 80.77, 75.66, 57.19, 56.15, 51.37, 35.84, 32.90, 30.47, 28.69, 25.78, 25.68, 25.04, 21.83, 

20.12, 17.99, 17.01, 13.78, -2.94, -4.62: HRMS (CI) m/z calcd for C22H4004SiI (M+H)+ 523.1740, found 

523.1726. 

(-)-(lS,3R,4S,7S,8S,11S)-4-(tert-Butyldimethylsilyl)oxy-7,1l-dimethyl-8-hydroxymethyl- 

3-iodomethyl-2-oxatricyclo[6.4.0.03,7]dodecane (15). 

Ester 14 (0.7 mmol) was dissolved in toluene (8 mL) in a 25-r& flask, and the solution was cooled to 0 

Oc under an inert atmosphere. To this was added DIBAL-H (2.0 mL, 1.0 M in toluene) dropwise over a period 

of 5 min, and the resulting mixture was stirred at 0 Oc for 5 h. The reaction was quenched by carefully adding 7 

mL of a saturated solution of sodium potassium tartrate, and the resulting mixture was stirred at room 

temperature for 3 h. The organic layer was separated, and the aqueous layer was extracted with 2 x 8-mL 

portions of Et20. The combined organic layers were dried (MgS04), concentrated, and chromatographed to 

provide the hydroxymethyl compound 15 (83 % yield) as a viscous liquid: Rf 0.36 (30% EtOAc/Skelly-B); 
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[aI ; -12.40 (c = 2.0); IR 3350 (m, broad) cm- l; lH NMR 8 4.06 (m, lH, C4-H), 3.75 (m, 2H, C(l)-H, 

and 1H of CH2-0), 3.62 (m, lH, CHz-0), 3.46 (d, J = 10.3 Hz, lH, CH2-I), 3.00 (d, J = 10.3 Hz, lH, CH2- 

I), 2.25 (m lH), 1.85 (m, 2H), 1.72-1.35 (m, 8H), 1.17 (d, J = 7.3 Hz, 3H, C(ll)-CH3), 1.08 (s, 3H, C(7)- 
CH3). 0.86 (s, 9H. tert-Bu), 0.18 (s, 3H, Si-CH3), 0.11 (s, 3H, Si-CH3); 13C NMR 8 88.44, 80.88, 62.26, 

57.20, 48.34, 34.53, 33.10, 30.91, 26.93, 25.79, 25.40, 20.68, 19.16, 18.77, 17.96, 14.92. -3.76, -4.63; 
HRMS (CI) m/z calcd for C2lH4003SiI (M+H)+ 495.1791, found 495.1782. 

(-)-(~S,3~,4S,~S,8S,~lS)-4-(tert-Butyldimethylsilyl)oxy-8-[(~er~-butyldimethylsilyl)oxy] 

methyl-~,11-dimethyl-3-iodomethyl-2-oxatricyclo[6.4.0.03~~]dodecane (16). 

Silylation of 15 (0.39 mmol) with TBDMSOTf according to the protocol used for 14 gave 16 (99% 

yield) as a colorless liquid after chromatography: Rf0.38 (Skelly-B); [CL] z -10.50 (c = 1.0); 1H NMR (500 

MHz) 8 4.03 (m, lH, C(4)-H), 3.70 (m, lH, C(l)-H), 3.61 (d, J = 10.3 Hz, lH, CH2-0-Si), 3.48 (d, J = 

10.3 Hz, lH, CH2-0-Si), 3.45 (d, J = 10.3 Hz, lH, CH2-I), 2.98 (d, J = 10.3 Hz, lH, CH2-I), 2.21 (m, 
lH), 1.81 (m, 2H), 1.65-1.48 (m, 4H), 1.32-1.55 (m, 4H), 1.15 (d, J = 7.3 Hz, 3H, C(ll)-CH3), 1.04 (s, 

3H, C(7)-CH3), 0.86 (s. 9H, mrl-Bu), 0.85 (s, 9H, terr-Bu), 0.16 (s, 3H, Si-CH3), 0.09 (s, 3H, Si-CH3), 
0.01 (s, 6H, Si(CH3)2); 13C NMR 6 88.34, 81.03, 76.54, 62.07, 57.45, 48.26, 34.41, 33.02, 31.06, 27.01, 

25.86, 25.49, 20.76, 19.31, 18.40, 18.18, 18.02, 15.40, -3.72, -4.56, -5.62, -5.72; HRMS (CI) m/z calcd 
for C27Hs03Si21 (M+H)+ 609.2656, found 609.2659. 

(-)-(2S,5S)-2-[(ter~-Butyldimethylsilyl)oxy]methyl-2-[(1~,3S)-3-(~er~-hutyldimethylsilyl)- 

oxy-l-methyl-2-methylenecyclopentyl]-5-methylcyclohexanone (18). 

A mixture of 16 (0.38 mmol), purified Zn dust (3.0 mmol) and pyridine (2 mL) in 4:l mixture (v/v) of 
THF:95% EtOH (10 mL) was heated under reflux for 20 h in an atmosphere of N2. The reaction mixture was 
cooled and filtered through a short pad of activated basic alumina. The filter cake was washed with 40 mL of 

EtOAc, and the washings were combined with filtrate. Alcohol 17 (0.19 g) was obtained as a viscous oil upon 
concentration of the filtrate and was immediately oxidized according to the procedure used with 11 to give 
ketone 18 (70% yield from 16) as a colorless liquid after chromatography: Rf 0.48 (5% EtOAc/Skelly-B); 

[al z -32.90 (c = 1.0); IR 1680 (s) cm-*; lH NMR 8 5.16, 5.02 (2 x s, 2 x lH, exo-methylene), 4.31 (m. 

IH, SiO-CH), 4.07, 3.64 (2 x d, J = 9.5 Hz, 2 x lH, SiO-CHz), 2.45 (m, lH), 2.23-1.96 (m. 4H), 1.85 (m, 
2H), 1.62-1.38 (m, 4H), 1.18 (s, 3H, quatemary CH3), 0.95 (d, J = 6.5 Hz, 3H, C(S)-CH3), 0.87 (s, 9H, 
terf-Bu), 0.85 (s, 9H, tert-Bu), 0.06 (2 x s, 6H, Si(CH3)2), 0.03 (2 x s, 6H, Si(CH3)2); 13C NMR 8 213.87. 

160.79, 112.62, 78.20, 66.04, 56.59, 50.06, 49.63, 36.55, 32.72, 30.16. 30.07, 27.86, 26.83, 25.83, 
21.36, 18.06, -4.51, -4.64, -5.58, -5.64; HRMS (CI) m/z calcd for C27Hs303Si2 (M+H)+ 481.3533, found 
481.3523. 
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(-)-(2S)-2-[(ter~-Butyldimetbylsilyl)oxy]methyl-2-[(1R,3S)-3-(tert-butyldimethylsilyl)oxy-l- 

methyl-2-methylenecyclopentyl]-5-methyl-5-cyclohexen-l-one (19). 

A procedure modeled after that of Reich, et al.,*1 was used. A solution of LDA (1.0 mmol) in 5 mL of 
THF was cooled to -78 Oc, and a solution of 18 (0.26 mmol) in 1 mL THF was added dropwise. The resulting 
mixture was stirred for 15 mitt, at which time a solution of PhSeBr (0.75 mmol) in 1 mL of THF was rapidly 

added. After 3 min the reaction was quenched by adding 5 mL of 1% HCl at -78 Oc. The resulting mixture was 
then allowed to warm to RT, transferred to a separatory funnel containing 50 mL of Et20 and 10 mL of water, 
and the organic layer was separated. The aqueous layer was extracted once with 25 mL of Et20, and the 
combined organic layers were dried (K2CO3) and concentrated to afford the crude selenide as a yellow liquid. 
This was dissolved in 10 mL of CH2Cl2 and treated with 5 mL of a 1:l mixture of 30% Hz02 and water in the 
presence of a small amount of pyridine for 45 min. At the end of this time the organic layer was separated and 

the aqueous layer was extracted with 2 x 25-mL portions of CH2C12. The combined organic extracts were dried 

(K$JO3), concentrated, and the residue was purified by chromatography to give 19 (85% yield) as a colorless 

oil: Rf0.21 (5% EtOAc/Skelly-B); [a] E -24.20 (c = 2.0); IR 1650 (s) cm-l; 1H NMR 6 5.81 (s, broad, lH, 

C(6)-H), 5.20, 5.15 (2 x s, 2 x lH, exo-methylene), 4.31 (m, lH, SiOC-H), 4.10, 3.75 (2 x d, J = 9.6 Hz, 
lH, SiO-CHZ), 2.45 (m, lH), 2.26-1.93 (m, 3H), 1.87 (s, 3H, C(S)-CH3), 1.65-1.38 (m, 4H), 1.26 (s, 3H, 
quatemary CH3). 0.86 (s, 9H, tert-Bu), 0.83 (s, 9H, terr-Bu), 0.05 (2 x s, 6H, Si(CH3)2), 0.01, -0.01 (2 x s, 
2 x 3H, Si(CH3)2); 13C NMR 6 202.70, 160.71, 160.26, 128.53, 112.80, 78.22, 67.29, 52.34, 49.93, 

36.56, 32.62, 29.58, 28.46, 26.85, 25.85, 25.79, 24.07, 18.19, 18.05, -4.45, -4.64, -5.55, -5.63; HRMS 

(CI) m/z calcd for C27HstO$i2 (M+H)+ 479.3376, found 479.3384. 

(-)-(~~,2S)-2-Acetoxy-l-[(tert-butyldimethylsilyl)oxy]methyl-l-[(l~,3~)-3-(~e~~-butyldi- 

methylsilyl)oxy-l-methyl-2-methylenecyclopentyl]-4-methyl-3-cyclohexene (20) and (-)- 

(1S,2S)-2-Acetoxy-l-[(tert-butyldimethylsilyl)oxy]methyl-l-[(1R,3S)-3-acetoxy-l-methyl-2- 

methylenecyclopentyll-4-methyl-3-cyclohexene (21) 

Reduction of enone 19 (0.21 mmol) with DIBAL-H according to the protocol used with 14 afforded 
crude alcohol, which was immediately dissolved in 1.0 mL of pyridine and treated with 0.5 mL of acetic 

anhydride. This mixture was stirred for 48 h at room temperature under an Ar atmosphere, diluted with 50 mL 
of Et20, sequentially washed with 2 x lo-mL portions of sat. CuSO4.10 mL each of water, and brine and dried 
(MgS04). Solvent removal gave a yellow oil which was chromatographed to provide monoacetate 20 (35% 

yield) and diacetate 21 (3 1% yield) as colorless oils. 

Data for 20: Rf0.5 (10% EtOAc/Skelly-B); [a] ‘, -14.5O (c = 1.0); lH NMR 6 5.65 (m. lH, C(3)-H), 5.42 

(d, J = 5.4 Hz, lH, (X2)-H), 5.27, 5.19 (2 x s, 2H, exo-methylene), 4.31 (m. lH, SiOC-H), 3.78, 3.55 (2 x 
d, J = 10.9 Hz, 2 x lH, SiO-CHZ), 2.65 ( m. lH), 2.03 (s, 3H, acetoxy CH3), 2.08-1.75 (m, 3H), 1.67 (s, 

3H, C(4)-CH3). 1.70-1.52 (m. 3H). 1.25 (m, lH), 1.21 (s, 3H. quaternary CH3), 0.89, 0.87 (2 x s, 2 x 9H. 
2 x tert-Bu), 0.07, 0.06 (2 x s, 6H, Si(CH3)2), 0.00 (2 x s, 6H, Si(CH&); t3C NMR 6 170.26, 161.49, 

138.91, 120.34, 112.96, 78.17, 70.27, 65.22, 50.18, 42.32, 36.91, 33.49, 28.22, 28.19, 25.84, 23.04, 
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22.94, 21.87, 18.42, 18.26, -4.61, -4.78, -5.69; HRMS (CI) m/r c&d for C29H5504Si2 (M+H)+ 523.3638, 
found 523.3624. 

Data for 21: Rf0.22 (10% EtOAc/Skelly-B); [a] E -18.3O (c = 1.0); lH NMR 8 5.72 (m, lH, C(3)-H), 5.55 

(s, lH, exo-methylene). 5.42 (m, 2H, C(2)-H and exo-methylene), 3.75, 3.56 (2 x d, J = 10.2 HZ, 2 x lH, 
SiO-CHz), 2.62 (m, lH), 2.04 (s, 6H, 2 x CH3, acetoxy), 2.16-1.75 (m, 6H), 1.73-1.60 (m, 2H), 1.66 (s, 
3H, C(4)-CH3), 1.32 (m, 2H), 1.25 (s, 3H, quatemary CH3), 0.86 (s, 9H, @r-t-Bu), -0.02 (2 x s, 6H, Si 
(CH&); 13C NMR (125 MHz) 6 170.55, 170.32, 156.87. 138.65, 120.28, 117.41, 79.94, 70.09, 64.98, 

50.58, 42.90, 36.97, 30.26, 28.22, 25.82, 22.90, 22.72, 21.85, 21.56, 18.10, -5.72; HRMS (CI) m/z calcd 
for C25I-I&5Si (M+H)+ 451.2879, found 451.2864. 

(+)-ELHydroxytrichothec-9,12-diene (3). 

A dry 4-mL polypropylene vial was charged with acetate 20 (0.03 mmol) and 2 mL of dry CH$N, the 
resulting solution was cooled to 0 oC under an Ar atmosphere, and HFspyridine complex (0.4 mL) was added; 
this mixture was maintained at 0 oC for 0.5 h. The solution was allowed to warm to RT and stirred at that 

temperature for 2 h, after which it was transferred to a separatory funnel containing 50 mL of Et20 and 10 mL 
of sat. NaHC03, the organic layer was separated, and the aqueous layer was extracted with an additional 10 mL 

of Et20. The organic extracts were combined, washed with 10 mL of sat. NaHC03 and dried (K2CO3). 
Solvent was removed and the residue was purified by chromatography to afford 3 (85% yield) as a colorless oil: 

Rf0.29 (30% EtOAc/Skelly-B); [a] f +33.10 (c = 0.5); IR (CC4) 3620 (m) cm-l; lH NMR (500 MHz) 8 

5.39 (m, lH, C(lO)-H), 4.94, 4.59 (2 x s, 2 x lH, C(l3)-Hz), 4.27 (d, J = 4.9 Hz, lH, C(2)-H), 3.70 (dd, J 
= 11.8, 4.3 Hz, lH, CH2-0), 3.68 (d, J = 5.4 Hz, lH, C(ll)-H), 3.46 (dd, J = 11.1, 4.0 Hz, lH, CH2-0), 
2.27 (ddd, J = 13.7, 9.3, 4.7 Hz, IH, C(4)-H), 2.05 (m, 2H), 1.88-1.72 (m, 4H), 1.67 (s, 3H, C(9)-CH3), 

1.60 (m, IH), 1.39 (ddd, J = 13.0, 12.9, 5.1 Hz, lH, C(4)-H), 1.15 (s, 3H, C(S)-CH3); l3C NMR (125 
MHz) 8 155.30 (C-12), 140.51 (C-9), 119.70 (C-lo), 102.95 (C-13), 79.83 (C-2), 66.83 (C-11), 63.11 (C- 

15), 47.74 (C-6), 44.12 (C-5), 32.66 (C-4), 28.67 (C-8), 27.32 (C-3), 23.35 (C-16), 19.90 (C-7), 17.80 (C- 
14); HRMS (CI) m/z calcd for t&H2302 (M+H)+ 235.1698, found 235.1707. 
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